Abstract. Plates with attached beams or ribs, rather than monolithic plates, are commonly employed in civil and mechanical engineering for reasons of weight and static stiffness. Unfortunately, attaching stiffeners to a plain plate generally increases its radiation efficiency and reduces its airborne sound insulation. This contribution aims at gaining insight into the sound insulation of rib-stiffened plates in the mid-frequency range, where the modal behavior of the plate is still important, but the neighboring sound fields can already be considered as diffuse. A detailed finite element model of a PMMA plate with steel stiffeners attached is constructed and coupled to a reverberant sound field model of the adjoining room(s) within the recently developed hybrid finite element -statistical energy analysis framework. This framework is computationally very efficient, it enables to compute the coupling loss factors between the sound fields in a rigorous, straight forward way, and the uncertainties due to random wave scattering -which is the physical origin of the diffuse field -can be quantified. The finite element model of the plate is first calibrated by minimizing the difference between its lowest natural frequencies and mode shapes and the corresponding measured values. The hybrid model is then employed for predicting the sound reduction index across the building acoustics frequency range. These predictions are validated against airborne sound insulation measurements. Within a wide frequency range, pronounced dips are observed at specific natural frequencies of the plate, at which the wavelength of the corresponding mode shape is close to the free acoustic wavelength. Since there is an obvious connection with the coincidence phenomenon for infinite plates, the observed phenomenon is termed the semi-discrete coincidence phenomenon. It is shown that in the mid-frequency range, an important increase in airborne sound insulation can be achieved by suppressing only a few particular resonances of the considered rib-stiffened plate.
INTRODUCTION
Rib-stiffened plates are commonly employed in civil and mechanical engineering as they achieve a similar strength and stiffness as plain plates with a substantially lower weight. Unfortunately, attaching stiffeners to a plain plate generally increases its radiation efficiency and reduces its airborne sound insulation [3] .
Early investigations into these phenomena led to two approximate physical explanations based on infinite plate theory. Firstly, when the wavelength of deformation is much larger than the distance between the stiffeners, the main effect of the stiffeners is to introduce orthotropy into the plate. The effect of the stiffeners is then that the frequency range in which coincidence has a detrimental effect on radiation efficiency and transmission loss is broadly smeared out towards lower frequencies when compared to the plane plate [6] . Secondly, when the wavelength of deformation is much smaller than the distance between the stiffeners, the stiffeners have the approximate acoustic effect of dividing the plate into smaller panels, the radiation efficiency of which is much larger than the radiation efficiency of the large unstiffened plate [12] . These investigations were followed by several more refined analyses; see, e.g., [1, 2, 5, 11, 13] .
The present contribution aims at gaining additional insight into the sound transmission through finite rib-stiffened plates by investigating the behavior of the room-wall-room system in the midfrequency range. This is the frequency range in which the sound fields in the rooms can already be considered as diffuse (in contrast to the low-frequency range), while the modal behavior of the wall is still important (in contrast to the high-frequency range). A detailed finite element model of the rib-stiffened plate is constructed and coupled to a reverberant model of the adjoining rooms within the recently developed hybrid finite element -statistical energy (FE-SEA) analysis framework [16, 10, 15] . This framework is substantially more flexible and general than conventional statistical energy analysis as it allows, for example, (i) incorporating diffuse and non-diffuse vibro-acoustic system components within a single model in a computationally efficient way, (ii) assessing the uncertainty inherent in the assumption of diffuse sound fields in the rooms, and (iii) computing coupling loss factors in a rigorous and straightforward way, accounting automatically for both resonant and non-resonant transmission [9] .
As a specific case, a polymethyl methacrylate (PMMA) plate with steel stiffeners attached is considered. By analysis of the model predictions, it is found that the finite dimensions of the plate result in a semi-discrete coincidence phenomenon, i.e., the wavelength of a mode shape of the rib-stiffened plate is close to the free acoustic wavelength at the corresponding natural frequency. This is seen to result in an oscillating narrow-band transmission loss over a wide frequency range, which is in contrast to the discrete coincidence phenomenon for finite homogenous isotropic plates [4, 7] . Only a few of the plate modes in this wide frequency range exhibit semi-discrete coincidence, which suggests that the sound insulation in that frequency range can be substantially increased by suppressing only a few structural modes.
The reminder of this article is structured as follows. In section 2, the dynamic structural model of the stiffened plate is discussed in detail. In section 3, the finite element model is incorporated in a hybrid FE-SEA model of the transmission suite and the transmission loss of the rib-stiffened plate is computed and validated against measurements. A physical interpretation in terms of semi-discrete coincidence is given in section 4, while the potential of suppression a few particular modes is investigated in section 5. Conclusions are drawn in section 6.
FINITE ELEMENT MODEL OF THE STIFFENED PLATE
The example structure that is considered in this paper consists of a base plate made of PMMA, to which 11 steel L30 stiffeners are attached. The base plate has a width of L x = 1.25 m, a height of L y = 1.5 m and a thickness of t p = 15 mm. The steel L-shaped stiffeners have an outer leg length of L s = 30 mm and a thickness of t s = 3 mm. The center-to-center spacing between the stiffeners is d x = 100 mm, the distance between a vertical edge of the plate and a vertical edge of the closest stiffener is a x = 110 mm, and the distance between a horizontal edge of the plate and the closest end section of a stiffener is a y = 52.5 mm. The stiffeners are both glued to the base plate over their entire length, and additionally screwed to the base plate at four points.
A finite element (FE) model of this structure was made using the ANSYS software package. Both the base plate and the steel stiffeners were modeled with four-node linear thin shell elements (of the SHELL181 type). The mesh is shown in Fig. 1 . When connecting the plate and the horizontal stiffener legs, the offset of the stiffeners with respect to the midplane of the plate was taken into account. The out-of-plane displacements were restrained at the plate edges. No other boundary restrictions were applied, and the three in-plane rigid body modes were removed from the model. This set of boundary conditions agrees with the dynamic plate boundary conditions that are applied in the sound transmission suite of the KU Leuven Laboratory of Acoustics. For the steel profiles, a Young's modulus of E s = 210 GPa, Poisson's ratio of ν s = 0. 
SOUND INSULATION PREDICTIONS AND EXPERIMENTAL VALIDATION
For the sound insulation predictions, a hybrid finite element -statistical energy analysis (FE-SEA) approach [10, 15, 16 ] is adopted. This approach allows coupling diffuse field (or SEA subsystem) models of modally dense components to deterministic models of modally sparse components in a rigorous way. A diffuse field model is a probabilistic wave field model, and therefore the predicted sound transmission loss is also a probabilistic quantity. The model of the considered transmission suite is divided into three components: emitting room, partition wall, and receiving room.
3 are adopted for the sound speed and air density, respectively. For the partition wall, which consists of the baffled rib-stiffened plate, the finite element model of section 2 is employed. Measured values are used for the damping loss factor of the wall as reported in Table 3 . Full details on sound transmission modeling with the hybrid method can be found in [15] . For completeness, it is mentioned that the acoustic direct field dynamic stiffness matrices of the rooms (SEA subsystems) were evaluated by means of a wavelet approach [8] , using a square interpolation grid covering the flat plate surface and a distance between the grid points of 2.08 cm. Fig. 2 displays the model predictions and compares these with narrow-band (1/48 octave) sound reduction index measurements, which have been performed in the transmission suite of the KU Leuven Laboratory of Acoustics. Not only the mean of the predicted sound transmission loss values are plotted, but also the related ±2σ confidence intervals, which correspond to 95 % confidence intervals when a Gaussian probability distribution can be assumed. One should keep in mind that this uncertainty is due to the assumption of a harmonic diffuse field model for the rooms. This assumption can be justified when the acoustic pressure field in the rooms is sensitive to small wave scattering elements, and for the transmission rooms at KU Leuven this is the case from about 140 Hz onwards [15] . At lower frequencies, the uncertainty due to the presence of small wave scattering elements will be overestimated with a diffuse field model. Furthermore, individual room resonances, which are absent in the adopted hybrid model, will be important at such frequencies. The present analysis however is concerned with mid-frequency sound transmission.
The critical frequency of the infinite panel without stiffeners would be at 2051 Hz. The critical frequency of the ribbed plate in the weak bending direction (i.e., for bending around an axis parallel to the ribs) can be estimated at 2735 Hz by neglecting the stiffness of the steel ribs but accounting for their mass. The critical frequency in the strong bending direction can be estimated at 461 Hz by taking both the stiffness and the mass of the ribs into account. Between both frequencies, a broad coincidence zone exists for infinite plates. For the finite plate that is studied here, a strong oscillation of transmission loss with frequency is observed in this zone. Such oscillation is not predicted by, and cannot be explained from, infinite plate theory. It is therefore investigated with a more refined model in the next sections.
A very good agreement between the measurements and the hybrid model predictions is observed in the frequency range in which the model is valid (above 140 Hz). The oscillation of the transmission loss is very well predicted, and the measurements fall almost completely within the 95 % confidence interval which represents the uncertainty caused by the diffuse field assumption for the sound fields in the rooms.
SEMI-DISCRETE COINCIDENCE
The pronounced dips that are observed in both the measured and the predicted sound reduction index above 140 Hz correspond with some of the eigenfrequencies of the finite-sized ribstiffened plate. They do not correspond with eigenfrequencies of the bare rooms, as these are not included in the hybrid FE-SEA model. In order to get more insight into why certain eigenfrequencies of the plate result in a pronounced reduction of the airborne sound insulation while others do not, both the in-vacuo modes of the rib-stiffened plate (as determined from the finite element model) and the acoustic dispersion curve are plotted in the frequency-wavenumber domain (Fig. 3) . The structural wavenumber of mode j was computed as the amplitude of [k xj , k yj ], where k xj denotes the horizontal and k yj the vertical wavenumber. k xj and k yj are determined through counting the number of approximate half sine wavelengths in the horizontal and vertical directions, respectively, of mode j.
This counting process was automated as follows. First, the correlation between a computed mode shape and all possible mode shapes that consist of between 0 and 15 half sine wavelengths in both horizontal directions was determined by computing the MAC value [14] . The combination that yielded the highest MAC value was then retained for determining the wavenumber corresponding to the mode shape. In Fig. 3 , a different symbol is used for wavenumbers that are computed based on a high MAC value and those based on a low MAC value.
Subsequently, the frequency-wavenumber relation (also called dispersion curve) for sound waves was plotted in the same figure. It can be seen that this dispersion curve comes close to a mode of the rib-stiffened plate at 212 Hz, 345 Hz, 502 Hz, 693 Hz, and 964 Hz, which are precisely the frequencies at which the sound transmission loss of the plate dips. The dips can therefore be attributed to a semi-discrete coincidence phenomenon which involves only specific plate modes, namely, those modes for which the mode shapes exhibit one half wavelength in the horizontal direction. From around 1000 Hz, many plate modes match closely the acoustic wavelength at their resonance frequency, and pronounced dips in the sound reduction index are no longer observed.
INFLUENCE OF MODE SUPPRESSION
In the light of this physical interpretation, it is instructive to investigate by how much the sound insulation of the plate improves when these five modes are suppressed. Therefore, the sound transmission loss of the plate is re-computed but without taking these five modes into account. The sound insulation improvement that is computed in this way is an upper bound, because in reality mode suppression measures -such as local stiffening, attachment of tuned mass dampers, and active vibration control -are never perfect. This can be understood from Fig. 3 : around these frequencies, the bending wavelengths of several other modes also match the acoustic wavelength well, and as a result, suppressing only one of these modes is not effective anymore.
CONCLUSIONS
In this paper, valuable insight into the airborne sound insulation of finite-sized rib-stiffened plates was obtained by constructing a detailed finite element model of the structure and coupling this to diffuse field models for the adjoining rooms within the computationally efficient hybrid FE-SEA framework. For the specific rib-stiffened plate that was considered here, a pronounced oscillation in the narrow-band sound transmission loss was observed over a broad frequency range. The oscillation dips correspond to only a few natural frequencies of the plate, at which the wavelength of the corresponding mode shape is close to the acoustic wavelength, resulting in a semi-discrete coincidence phenomenon. This observation is important with respect to vibration control because within this broad frequency range, an increase in the airborne sound insulation can theoretically be achieved by suppressing only a few particular plate resonances.
